✯ Note: The EMBL/GenBank/DDBJ 16S rRNA gene sequence accession number of strain CDGS T is LN 878294. Accession number of genome sequence of strain CDGS T is CP015520.
Introduction
Deep-sea hydrothermal vents are characterized by steep physical-chemical gradients between hot reduced streams (up to 450°C) and cold (2-4°C) with neutral pH surrounding seawater. These ecosystems are ideal to search for poly-extremophilic microorganisms with unique combination of extreme growth conditions. Since 1977 and the discovery of black smokers, numerous thermophilic and hyperthermophilic microorganisms have been isolated from deep-sea vents [8, 17] . Among them, only four Bacteria and eleven Archaea are piezophiles or obligate piezophiles, e.g. requirering high hydrostatic pressure for growth [12] .
Molecular inventories of the microbial diversity and culture-based approaches have repeatedly demonstrated that Thermococcales are common inhabitants of the hot area of the hydrothermal ecosystem [1] . The order Thermococcales encompasses three genera:
Thermococcus [27] , Pyrococcus [7] and Palaeococcus [23] . Representatives of the genus Thermococcus are all hyperthermophilic chemoorganoheterotrophs fermenting notably peptides and polysaccharides and reducing sulphur species. There are also two Thermococcus isolates able to grow lithotrophically by carboxydotrophy [22] .
Currently, thirty two species of Thermococcus have been fully characterized with validly published names (source:
http://www.bacterio.net/). Only 15 genomes of Thermococcus are available in public databases.
In this study, a novel Thermococcus isolate, referenced as strain CDGS T , was isolated from the deepest known deep-sea hydrothermal vent (the Beebe vent field, so-called Piccard).
Its physiology and its genome were analyzed, and showed a wide physiological tolerance for the novel isolate to hydrostatic pressure as well as its taxonomic separation into a new species.
Materials and Methods
In June 2013, chimney fragments were collected by the DSV Shinkai 6500 from the Beebe vent field (18°32.7881' N, 81°43.11844' W) in the Cayman Trough, at a depth of 4964 m, during an expedition (YK13-05) of the oceanographic cruise -QUELLE2013ǁ using RV Yokosuka. Chimney fragments were collected in small boxes and lifted up to the surface on the DSV. Once onboard, subsamples were immediately transferred anaerobically into sterile Schott vials, and stored at 4 °C.
Samples were then transferred into anaerobic medium (DSM 141 modified medium) for enrichment cultures, under an atmosphere of H2/CO2 (80/20, 2 atm) and incubated at 60°C, as described in Supplementary Material (SM The genomic DNA of the novel isolate was extracted with the kit Genomic-tip 20G and Genomic DNA buffer set (Qiagen®) for wholegenome shotgun sequencing using the PacBio technology (one large insert library + two smartcells) (Duke University, Durham, USA). In addition, genomic DNA was purified with phenol-chloroform, and sequenced on a 318 Chip and the HiQ chemistry on an Ion Torrent PGM platform (IGFL, ENSL, Lyon, France) to correct and close-up the genome. The genome was assembled into one contig from the PacBio reads using the HGAP assembler included in a local installation of the PacBio SMRT portal (V.
2.3.0). The complete genome sequence was corrected by mapping assembly of the IonTorrent reads on the PacBio contig using MIRA 4 and the Newbler 2.8 suite of programs, and then manually curated.
Annotation and comparative genomics were performed on the MicroScope Microbial Genome Annotation and Analysis Platform (MaGe) at the Genoscope [23, 25] . Average nucleotide identity (ANI) scores were calculated using the JSpeciesWS [19] , and the EzGenome program (http://www.ezbiocloud.net/ezgenome/ani) with defaults parameters. In silico DNA-DNA hybridization (DDH) estimations were calculated using the genome-to-genome distance calculator (GGDC2.0) [2, 3] . Dot plot analyses of self-similarity between strain genomes were performed using the Nucmer V3.1 program, with default parameters.
16S rRNA gene sequence phylogenetic analyses were performed using Geneious version 6.1.6 (MUSCLE program for the alignment and manual refining). Phylogenetic reconstructions were made on the basis of evolutionary distance (neighbor-joining method with Jukes and Cantor corrections) [20] and maximum-likelihood (PHYML) [10] , with 1000 bootstrap replications. Ribosomal protein sequence phylogenetic analyses were performed using PHYML. Ribosomal proteins were identified in complete genomes and aligned individually with MUSCLE. Alignments were optimized manually before concatenation. The phylogenetic reconstruction was done using PHYML excluding invariable sites from the analysis, using the
LG model and a model-given amino acid equilibrium frequencies. The robustness of the inferred topology was assessed with 1000 bootstrap replications.
Pairwise 16S rRNA sequence similarity was calculated using the global alignment algorithm implemented at the EzTaxon-e server (http://eztaxon-e.ezbiocloud.net/) [13] .
Results & discussion
The ultraslow spreading Mid-Cayman Rise hosts the deepest known hydrothermal vent field, the Beebe vent field, at ~ 5000 m water depth [9] . This active vent field is characterized by end-member fluids showing acidic pH (3.2), high temperature (close to 400°C), low methane content, and high concentrations of hydrogen (>20 mM) and sulphide [18] . The novel isolate CDGS T was isolated from this site.
Cells of strain CDGS T were motile irregular cocci of 0.8 to 1.7 µm in diameter (average 1.1 ± 0.3, n=18) (Fig. S1 ). They produced membrane vesicles and connected to other cells with nanotubes.
At atmospheric pressure, the novel isolate grew at temperatures between 60 and 90 °C ( Fig. 1 ) and with an optimal temperature of 75 °C. It was neutrophilic, growing from pH 5.5 to 9.0, with a clear optimum at pH 6.0 (Fig. 1) . Its growth was optimal at the salinity of seawater (30 g/L NaCl), and within a range of 20-60 g/L NaCl (Fig. 1) . Interestingly, the novel isolate was found to be piezophilic with an optimum pressure for growth at 50 MPa (Table S1 ). Under optimal growth conditions (75°C, pH 6.0, 30 g/L NaCl, 50 MPa; with L-cystine), the doubling time of the novel isolate was 92 minutes.
The novel isolate was found to grow on complex organic substrates by fermentation without sulphur-containing compounds, but growth was stimulated by these sulphur species added to detoxify the excess of produced hydrogen. (Fig. 2) , which are below the 95-96% cut-off value for species delineation by this approach [19] . The digital DNA-DNA hybridization values (identities / total length) between strain CDGS T and (i) ‗T.
onnurineus' str. NA1 and (ii) T. barossii DSM9535 T were (i) 50.50 % and (ii) 21.70 % respectively, which are far below the threshold value (70%) for prokaryotic species differentiation [26] . These whole-genome analyses indicated that strain CDGS T represents a novel species that is most closely related to ‗Thermococcus onnurineus' strain NA1 (Fig. 2) .
Dot plot analyses of the regional self-similarity of these two genomes showed that the synteny was highly conserved between the two species with only few inversions (Fig. S3 ).
In comparison with phylogenetically related species of the genus Thermococcus (Table   1) , strain CDGS T was distinguishable from its closest relatives by its genomic DNA G+C content, its substrate preferences, its capacity to grow without sulphur species, its optimal temperature and pH for growth, and its piezophilic trait and wide pressure range for growth. A comparative genomic study of Thermococcus species showed that strain CDGS T shared only one fifth of its proteins with other type strains of Thermococcus species with publicly available genomes, and onehalf with its closest relative ‗T. onnurineus' NA1 (Fig. 2) . The main differences in genetic content between these two strains were observed in COG categories related to amino acid transport and metabolism, carbohydrate transport and metabolism, signal transduction mechanisms and groups of general function prediction or unknown functions (Table S2 , Fig. 2 ). Of note, while both CDGS T and Thermococcus onnurineus' NA1 possess all the proteins required for organotrophic growth on peptides, amino acids, or sugars, CDGS's genome lacks some CDS necessary to grow by carboxydotrophy or formate oxidation.
In view of all above mentioned phylo-phenetic distinctive features, we propose that the isolate CDGS T should be assigned as the type strain of a novel species, for which the name Thermococcus piezophilus sp. nov. is proposed.
As stated above, the novel isolate is piezophilic. Its optimal pressure for growth is 50
MPa, the hydrostatic pressure of its natural habitat, as repeatedly examined using multiple proxies (lag phase duration, growth rate, growth yield) (Table S1 ). Strain CDGS T grew well under pressures up to 105 MPa at the optimal growth temperature of 75 °C (Fig. 1, Fig. S2 ).
Within 105-125 MPa, growth yield was very low but reproducible. Above 125 MPa, the growth yield was negligible. Intracellular ATP (iATP) content per cell at 120 MPa was similar to the optimal 50 MPa pressure (Table S3) , that was consistent with observations of cell growth at this pressure. At 125 and 130 MPa, iATP was ca. 10 times higher indicating a higher activity of cell metabolism, and probably the activation of cell stress responses. After 38h of incubation at 135 MPa, we observed only a fewer decrease in cell concentration, and iATP content was close to the detection limit, suggesting no biomass growth had occurred at 135 MPa (Fig. S2 , Table S3 ). No visible alterations of cell walls or morphological changes were observed. To further confirm growth, maintenance or survival under these extreme high-pressure conditions (125-135 MPa), we performed subcultures at atmospheric pressure. We were able to get growth for cells from all pressure conditions tested, confirming that strain CDGS T cells survived at least 38h at 135 MPa. Interestingly, at atmospheric pressure, iATP content was higher than at the optimal pressure for growth (Table S3) , which may reflect the activation of stress response mechanisms. The induction of the stress response under low hydrostatic pressure is a characteristic of piezophiles [4, 16] .
These results show that strain CDGS T exhibits the broad pressure range for growth, whether among psychrophiles, mesophiles or hyperthermophiles [12] , growing effectively from atmospheric pressure to at least 120 MPa, and with difficulty up to 130 MPa. These extreme pressures correspond to the pressure of a water column of 12 to 13 km depth, greater than the pressure measured at the bottom of the deepest parts of the ocean in the Mariana Trench. The archaea Pyrococcus yayanosii and Methanocococcus thermolithotrophicus hold the previous known record for a pressure range for growth of 100 MPa [12] . In conclusion,
Thermococcus piezophilus represents an excellent model of archaea to study microbial adaptation to hydrostatic pressure at high temperatures.
There are many piezophilic strains within the order Thermococcales [12] . This feature might be helpful for their oceanic dispersal over long distances, including in the abysses and in the hadal zones. Optimal growth occurs at 75 °C, pH 6.0 and 3 % NaCl. Piezophilic, growing optimally under 50 MPa. The doubling time is 92 min under optimal growth conditions.
Description of
The type strain, CDGS T (=ATCC TSD-33 T = UBOCC 3296 T ) was isolated from a chimney wall material of the ~ 5 km water depth Beebe vent field, at the Mid-Cayman Rise.
The DNA G+C content of this strain is 51.11 mol%. 
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Enrichment and isolation
Chimney incubation, motile cocci were observed and subcultured under the same conditions. They were subsequently purified by three repeated streaking on plates, on the same medium solidified with gellan gum (Phytagel™, Sigma-Aldrich). Plates were incubated into anaerobic jars at 70 °C for six days. After the third transfer on plate, a single circular white colony was picked and referenced as strain CDGS T . Purity of this isolate was confirmed by microscopy and sequencing of the 16S rRNA gene using five different primers.
Physiological analyses
Unless stated otherwise, the experiments were carried out anaerobically in triplicate in the presence of L-cystine and incubation was carried out in the dark, at 70 °C, pH 6.0 and with 30 g/L NaCl. Growth was monitored either by flow cytometry enumeration (CyFlow Space, Partec) or by direct cell counting onto a modified Thoma chamber (depth 10 µm). In parallel, the production of hydrogen sulphide was measured by a colorimetric method [5] .
Growth rates were calculated using linear regression analysis of 4 to 6 points along the linear portions of the growth curves.
The pH range for growth of the novel isolate was determined in Ravot modified Carbon source or terminal electron acceptors utilization were confirmed by three subsequent transfers.
Metabolic end products
Respiration and fermentation end products (2- 
Results
Metabolic end products
Metabolic end products of the fermentation of complex peptides sources were isovalerate Table S1 . Growth yields after 14 hours of incubation, growth rates (µ) and latency phase (Lag) duration were determined as a function of hydrostatic pressure, for pressures around the optimal pressure for growth. Close to 0
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